Hybridizations on a secondary contact zone between 2 diverged lineages can have various evolutionary consequences, including the genetic replacement of one lineage by another. We detected such a case between 2 lineages (the Central and Western lineages) of the Japanese firebellied newt, Cynops pyrrhogaster in the Chugoku district of western Japan. We genotyped 269 individuals from 30 localities using the mitochondrial cytochrome b gene and 11 microsatellite loci. The mitochondrial DNA (mtDNA) analysis revealed that the 2 lineages were mostly distributed parapatrically to each other but co-occurred around the contact zone, whereas the microsatellite analyses indicated the presence of a hybrid zone. Geographic cline analysis revealed that the cline width of mtDNA is wider than the width of the microsatellite loci. The migration rate estimation and the NewHybrids analysis revealed that the Central lineage has expanded their range into the range of the hybrid zone, suggesting the possibility of range displacement of the 2 lineages as a consequence of the shift of their hybrid zone. We explored the process of asymmetric gene flow associated with the invasion of the Central lineage to explain this pattern.
A secondary contact zone between 2 lineages allows us to observe the subsequent process of geographic isolation (Barton 1983; Dufresnes et al. 2015) . When 2 populations have been geographically isolated from each other, genetic differentiation between them occurs in response to either natural selection or genetic drift (Coyne and Orr 2004) . These historical events yield various degrees of reproductive isolation between the 2 populations according to the degree of their genetic differentiation, which mainly reflects the length of the period of geographic isolation (Nosil and Feder 2012) . If the reproductive isolation is complete, they will proceed as genetically independent groups and eventually come to co-exist or form exclusive distribution patterns by competition without hybridization. When reproductive isolation is absent, the hybridization will result in the formation of hybrid swarms or populations predominantly occupied by hybrid individuals, and can cause fusion of the lineages/species (Seehausen et al. 2008; Garrick et al. 2014) . When the degree of the reproductive isolation is moderate but not complete, the 2 lineages/species frequently develop a hybrid zone along the secondary contact zone.
Hybridization is commonly observed in zones of secondary contact between diverged lineages (e.g., Szymura and Barton 1991; Arnold et al. 1999; Seehausen 2004) . This phenomenon has attracted many researchers because it may provide important insights into the speciation process and the establishment of reproductive isolation mechanisms (Jiggins and Mallet 2000; Petit and Excoffier 2009; Abbott et al. 2013; Shurtliff 2013) .
Several models of the processes maintaining the hybrid zone have been proposed (Arnold 1997 ). One of the major models is the tension zone model, which is an environment independent selection model. It assumes the formation of a "tension zone", a very narrow hybrid zone, that is maintained by the equilibrium between selection against hybrid individuals and invasion of both parental individuals from adjacent areas (Barton and Hewitt 1985; Arnold 1997 ). Other models (e.g., the bounded hybrid superiority model, the mosaic hybrid zone model, and the evolutionary novelty model) predict that certain hybrids have better fitness than parental lineages in specific environments where hybrid swarms are usually maintained (Arnold 1997; Curry 2015) .
A hybrid zone usually remains spatially stable but sometimes shifts geographically over time due to asymmetric gene flow/introgression via the hybrid zone. When the location of a hybrid zone geographically shifts, one superior species/lineage might deprive another inferior species/lineage of its ranges as a consequence of asymmetric introgression caused by selection on particular loci, which might lead to the extinction of recessive lineage/species (Perry et al. 2001 ).
The elucidation of such processes may advance our understanding of the processes of species replacement and extinction of recessive lineage/species.
Gene flow via the hybrid zone between 2 diverged lineages/species results in various evolutionary consequences (Seehausen 2004; Simoes et al. 2012; Arntzen et al. 2014; Curry 2015) . Patterns of gene flow across the boundary are commonly thought to depend on the fitness of hybrids and their ability to backcross with parental lineage/species (Broyles 2002; Borge et al. 2005) . In this process, more adaptive alleles rapidly introgress from one lineage/species into another.
However, recent theoretical and empirical works indicate that introgression of neutral alleles could also occur while one invading lineage/species expands its range into the area of the other local lineage/species (Currat et al. 2008; Cinget et al. 2015) . This neutral process predicts that introgression occurs almost exclusively from the local lineage/species to the invading lineage/species, regardless of the relative densities of the 2 lineages.
Elucidation of the maintenance mechanism of the hybrid zone and gene flow dynamics between 2 lineages/species via a hybrid zone in various organisms would contribute to our understanding of the processes of hybridization and speciation.
Cynops pyrrhogaster, a newt endemic to main islands of Japan, includes 4 mitochondrial clades (Northern, Central, Western, and Southern clades) and one additional lineage (Southern Izu lineage) that are greatly divergent to each other, nearly to the level of being distinct species (Tominaga et al. 2013 (Tominaga et al. , 2015 . They are mostly distributed parapatrically to each other, but co-occur along the contact zone.
Of these, the Central and Western clades are mostly parapatrically distributed to each other with their contact ranges in the Chugoku and Southern Kinki districts of Honshu. Both mitochondrial haplotypes are syntopically found in several areas around the geographic boundary (Tominaga et al. 2013) . The geographic boundary in the Chugoku district between the 2 clades seems to roughly coincide with the boundary detected by the morphology (Sawada 1963a ) and allozymes (Hayashi and Matsui 1988) . Furthermore, Kawamura and Sawada (1959) and Sawada (1963b) , who conducted crossing experiments among various local lineages of C. pyrrhogaster and C. ensicauda, observed strong premating reproductive isolations between the Central and Western clade (as Sasayama and Hiroshima races, respectively) in captive conditions. Thus, we predict the presence of nuclear genome differentiation between them, which would have been maintained by premating isolation. Based on these previous studies, we define them as 2 distinct genetic groups and call them the Central and Western lineages hereafter. However, because the samplings of previous studies were limited, fine-scale genetic structure along the contact zone is not well known. To clarify their genetic relationship and to check the above prediction, we focus on the boundary of the 2 lineages located in Chugoku district, and evaluated the degree of their genetic differentiation using mitochondrial DNA (mtDNA) sequence and microsatellite polymorphisms. Tominaga et al. (2013) suggested that the 2 lineages had limited ranges in their refugia in the past glacial periods, and that they later expanded their ranges. Thus, most of the contact zone between the 2 lineages of this newt seems to have been recently established secondarily after the last glacial period. Because young contact zones are sometimes unstable and because the hybrid zones formed around such a young contact zone are easy to shift, especially for the contact zones between invading species and local species (Buggs 2007) , the historical process (i.e., the recent range expansion and the formation of young contact zone) of this newt suggests that the geographic boundary between the 2 lineages is not yet stable and may be shifting geographically. We investigated whether the boundary is geographically stable or shifting to understand the dynamics of the formations of the distributional pattern in each lineage of this newt. We also discussed the process of the genetic displacement between the lineages based on the neutral asymmetric gene flow/introgression mechanisms which occur when one lineage invading into the range of another.
Materials and Methods

Sampling and Extraction of DNA
We examined a total of 269 individuals from 30 sampling localities around the secondary contact zone of the Central and Western lineages of C. pyrrhogaster ( Figure 1 , Table 1 ). Total DNA was extracted from ethanol-preserved tissues using standard phenol-chloroform extraction procedures (Hillis et al. 1996) .
MtDNA Sequencing and Phylogenetic Analyses
The fragments containing partial cytochrome b (cyt b) genes (total 631 bp) were amplified by PCR for all individuals. The detailed experimental procedure and primers used in this study are reported in Tominaga et al. (2013) . The obtained sequences were deposited in the DDBJ under the accession numbers LC260651-LC260708. We also deposited Microsatellite data deposited at Dryad: https://doi.org/10.5061/ dryad.96tt4. For phylogenetic analysis, we added a total of 63 sequences from DDBJ (Supplementary Table S1 ), which represent the major mtDNA clades in Tominaga et al. (2013 Tominaga et al. ( , 2015 . We constructed phylogenetic trees by the maximum likelihood (ML) method, also following Tominaga et al. (2013) .
Haplotype diversity (h) and nucleotide diversity (π, based on pairwise differences) values were calculated in each population and each lineage using ARLEQUIN3.1 (Excoffier et al. 2005) .
Microsatellite Genotyping and Basic Analyses
We determined the genotypes of 269 newts for 11 nuclear microsatellite loci (CP_EST03, CP_EST05, CP_EST10, CP_EST21, CP_EST30, CP_NGS11, CP_NGS19, CP_NGS22, CP_NGS26, CP_NGS35, and CP_NGS43) according to the methods of Tominaga et al. (2014) .
Deviations from the Hardy-Weinberg equilibrium (HWE) for each locus in each population were tested using GENEPOP 4.1.4 (Rousset 2008) on the basis of an exact test (Guo and Thompson 1992) . Linkage equilibrium (LE) for each pair of loci in each population was also tested by GENEPOP 4.1.4. The inbreeding coefficient (F IS ) was calculated and the significance of these values was tested using FSTAT 2.9.3.2 (Goudet 1995) . To take into account multiple comparisons, the significance level of the deviation from HWE, LE, and F IS was adjusted using the sequential Bonferroni procedure (Rice 1989) . Signs of scoring errors, large allele dropouts, and the presence of null alleles were detected using Micro-Checker version 2.2. 3 (van Oosterhout et al. 2004) . To estimate the genetic differentiation among localities, we calculated pairwise F ST in Arlequin 3.1 and assessed the significance of pairwise comparisons using 1000 permutations between populations.
Inferring Population Genetic Structure and Classification of Hybrids
We used STRUCTURE 2.3.4 (Pritchard et al. 2000) to estimate the genetic composition of each individual based on the Bayesian clustering algorithm. Because we focused on the genetic relationship between 2 distinct genetic lineages in this study, we a priori regarded K = 2 as the best value in relation to the number of genetic clusters within samples. We assumed an admixture model with correlated allele frequencies and performed 10 independent runs with a 1 100 000 Markov chain Monte Carlo (MCMC) iteration with the first 100 000 iterations discarded as burn-in. We estimated the inherited fraction (Q values) of their genome in each individual and for each population from both lineages. Hereafter, we call the Q value in each individual for the Central and the Western lineage Qcent and Qwest, respectively. We assumed individuals with Q > 90% were pure parental individuals and those with 10 < Q <90% were hybrids in STRUCTURE, following results from simulated data (see Results section).
In addition to the STRUCTURE analysis, we used the program NewHybrids (Anderson and Thompson 2002) to estimate the membership to 1 of 6 different genotypic classes (pure Central lineage, pure Western lineage, F1, F2, backcross Central, and backcross Western) that are possible after 2 generations of mating between the 2 lineages. Information on lineage origin was provided for putative parental individuals of pure Central or Western origin collected in sampling sites apart from the boundary, which were selected from the previous STRUCTURE analyses (see Results section). We a priori treated all individuals of populations 1-3, 5, 9-10, and 12 as the pure Central class and those of populations 25-30 as pure Western class, because all individuals of these populations were assigned to either pure Central or pure Western with more than 90% Q value in STRUCTURE analysis. This was done by applying the "z" option to the input file, as recommended in the software. We conducted NewHybrids analysis for 11 million sweeps after the burn-in period of 500 000 iterations. Following results from simulated data (see Results section), individuals were assigned to 1 of the 6 genotypic classes if the probability was >0.5. Any individuals that did not have a value >0.5 for every single class were not assigned to any classes. However, any individuals that had a sum of the probability for each hybrid class (F1, F2, or 2 backcrosses) exceeding 0.5 were considered "other hybrids" following the criterion of Coyner et al. (2015) .
To verify the adequacy of the assignment of surveyed individuals to a particular genotypic class (pure or hybrids) by STRUCTURE and NewHybrids analyses, we adopted the approach of Vähä and Primmer (2006) and Shurtliff et al. (2014) . We used HYBRIDLAB software (Nielsen et al. 2006) to generate simulated hybrid individuals from a subset of both parental genotypes in our dataset (25 individuals for pure Central and 33 for pure Western with more than 99% Q score at K = 2 in STRUCTURE analysis). We set 100 simulated individuals for each of the following 6 classes (pure Central lineage, pure Western lineage, F1, F2, and backcrosses of Central and Western). We then ran this set of 600 ideal individuals by STRUCTURE and NewHybrids software using the same parameters as prior runs on our empirical data. We then assessed the optimal thresholds to assign individuals to each class correctly, 85-94% or larger Q thresholds for STRUCTURE and from 0.50, 0.55, 0.60, and 0.70 or larger probabilities for NewHybrids.
To clarify which of the above 6 a priori assumed classes in NewHybrids analysis to assign several later hybrid generations (F3, F4, and F5), we additionally set 100 simulated individuals for each of the subsequent 3 hybrid generation (F3, F4, and F5) and ran them together with the above 600 simulated individuals using NewHybrids software with the same conditions.
Geographic Cline Analysis
Genetic clines for mtDNA and microsatellite loci were fitted using the Metropolis-Hastings MCMC algorithm implemented in the package HZAR v2.5 (Derryberry et al. 2014 ) and the extent of mismatch between them was checked. We used 24 populations that included more than 3 individuals and estimated clines using the mtDNA haplotype frequency and average Qcent score for each population as determined in our STRUCTURE analysis. To collapse sample localities into the 1-dimensional axis, we defined the base lines (the line passing through populations 14 and 15 and the line passing through the population 15 and the middle point between the populations 13 and 18) as the tentative center of the contact zone (Figure 1 ) based on the results of STRUCTURE and NewHybrids analyses. We measured the minimum geographic distance of each locality from the base lines. If a population was located on the western side of the line, the distance was expressed as a negative value and vice versa ( Table 2) . We estimated several parameters, including width (w), center (c), delta (d, distance between the center and the tail), and tau (t, slope of the tail). We fit 3 possible combinations of trait intervals [pMin, pMax] (fixed to 0 and 1, observed values, and estimated values) and 5 possible combinations of fitting tails (none, left only, right only, mirror tails, and both tails estimated separately) as described by Derryberry et al. (2014) using the Metropolis-Hasting algorithm in R 3.1.0 (R Core Team 2014). We compared these 15 models to a null model with no clinal transition. For the 2 genetic datasets, we ran 3 independent chains for 1.0 × 10 5 and assessed them for convergence and stability by visualizing the MCMC traces. We then discarded 1.0 × 10 4 generations as burn-in. We performed model selection using corrected AIC (AICc) based on maximum-likelihood estimate cline curves. We estimated 2 log-likelihood confidence intervals around each parameter estimate. If the parameter estimated from one dataset did not overlap with the confidence interval of the parameter estimate from the other dataset, we considered them to be significantly different.
Estimation of Migration Rates
To elucidate the maintenance mechanism of the hybrid zone, we estimated more recent migration rates (within the past few generations) among parental lineages and hybrid swarms using BayesAss v3.0 (Wilson and Rannala 2003) . We divided 29 populations except for population 6 into 3 genetic classes (Pure Central, Hybrid swarm, and Pure Western). Because population 6 from Awaji Island is obviously geographically isolated from other populations, this population was excluded in this analysis. The classification into 3 genetic classes was based on the results of STRUCTURE and NewHybrids analyses (more than 10% hybrids proportion in number of individuals), mtDNA haplotypes compositions (co-occurrence of the 2 mtDNA lineages), and their location (absolute value of the distance from the base lines is less than 10 km which is based on the result of cline analysis in microsatellite loci). We defined the populations that fell into the 2 or 3 criteria above as hybrid swarms. We ran the program with 1 × 10 8 MCMC iterations, sampling every 2000 generations following 4 × 10 7 generations of burn-in. Mixing parameters for migration rates, inbreeding coefficients, and allele frequencies, respectively, were set to default settings (0.1) to ensure adequate mixing and acceptance rates following the BayesAss v3.0 instruction manual (Wilson and Rannala 2003) .
Additionally, to investigate the fitness of the hybrid swarms, we compared the migration rates from the hybrid swarm to parental lineages with those within each parental lineage. We firstly divided 
Results
mtDNA Variations
Twenty-three haplotypes of the Central mtDNA and 35 haplotypes of the Western mtDNA were detected (Table 1 , Supplementary Figure  S1 ). Of the total 30 populations, 10 (populations 1-5 and 8-12) exclusively possessed the haplotypes of the Central mtDNA and 14 (populations 6, 16-17, and 19-30) were completely dominated by those of the Western mtDNA. The remaining 5 populations (populations 7, 13-15, and 18) included both of the Central and Western mtDNA (Table 1 ; Figures 1 and 2A) . The overall haplotype diversity (h ± SD) was higher in the Western mtDNA (0.8617 ± 0.0134) than in the Central mtDNA (0.7463 ± 0.0314). The overall nucleotide diversity (π ± SD) was also higher in the Western mtDNA (0.0074 ± 0.0040) than in the Central mtDNA (0.0022 ± 0.0015).
Microsatellite Variation
We detected a total of 242 alleles across the 11 loci in 269 individuals from the 30 populations (mean number of individuals = 9.0; range = 1-19). The number of observed alleles in each locus ranged from 5 (CP_EST30) to 37 (CP_NGS26) and mean observed heterozygosity (Ho) in each population ranged from 0.420 (population 22) to 0.682 (population 10) (Supplementary Table S2 ). Deviation from HWE was detected at one locus (CP_NGS19) from population 11 (Supplementary Table S3 ). The LD was not detected between any combinations (Supplementary Table S4 ). Signs of scoring errors and large allele dropouts were not found at any the loci in either population. Existence of null alleles was suggested at 6 loci (CP_NGS22, CP_NGS19, CP_NGS26, CP_EST05, CP_NGS35, and CP_EST21), each in only 1 or 2 populations, but all loci were retained for further analyses because these trends were not observed in any other population. F IS ranged from −0.50 (population 1) to 0.258 (population 22), and was not significantly different from zero in all populations except for population 22 (Table 2) .
Adequacy of Hybrid Detection Based on Microsatellite Markers
The percentage of correct assignments of a total of 600 simulated individuals was the highest (97.3%) with a 90% Q value in the thresholds compared (Q values: 85-94%) in the STRUCTURE analysis. Of simulated pure Central and pure Western individuals, 97 (97%) and 95 (95%) were correctly assigned to the class with more than 90% Q score, respectively. Only 8 (2%) of 400 simulated hybrid individuals were incorrectly assigned to the pure parental classes.
In the NewHybrids analysis, the percentages of correct assignment of the 600 simulated individuals in each threshold were 86.3% at threshold = 0.5, 85.8% at threshold = 0.55, 85.0% at threshold = 0.60, and 81.16% at threshold = 0.70. Thus, the optimal threshold in this analysis was 0.5. All of simulated pure Central individuals were correctly assigned with the 0.5 probability threshold in NewHybrids. Of 100 simulated pure Western individuals, 99 (99%) were correctly assigned to the class, and 322 of 400 simulated hybrid individuals (80%) for 4 classes were correctly assigned to classes with a 0.5 probability threshold. Ten of 400 simulated hybrid individuals (2.5%) were incorrectly assigned to pure parental classes, and the remaining simulated hybrid individuals were incorrectly assigned to other hybrid classes (58/400 hybrid individuals; 14.5 %) or did not have a maximum value over 0.5 for any single hybrid class, but the sum of probabilities for 4 hybrid classes was over 0.5 (10/400 individuals; 2.5%). The success rate of identification at 3 genetic classes (pure parental classes and hybrid) was 98.2% by the NewHybrids analysis at more than 0.5 probability threshold.
Of 300 additional simulated individuals in subsequent hybrid generations (F3, F4, and F5) , 232 (77.3%) were assigned to the F2 class and 67 (22.3%) were assigned to other hybrid classes; the remaining one individual was incorrectly assigned to the pure Western lineage.
Genetic Structure and Hybrid Classification Based on Microsatellite Markers
STRUCTURE analysis at K = 2 resulted in rough separation of 2 genetic group (Central and Western lineages) on either side of the boundary based on the mtDNA (LnP(K) = −8588.14) ( Figure 2B ). Of 269 individuals surveyed, 90 of 95 individuals (94.7%) from population 1-12 were designated as the pure Central lineage with a Qcent score over 90% and 112 of 119 individuals (94.1%) from populations 16 and 20-30 were designated as the pure Western lineage with a Qwest score over 90% (Table 2, Figure 2B ). In contrast, 6 (populations 13-15 and 17-19) of 7 populations (populations [13] [14] [15] [16] [17] [18] [19] around the boundary (geographic distance from base lines = −7.0 to 6.7 km) exhibited hybridization of the nuclear genome ( Figure 2B ). Thirty of 55 individuals (54.5%) from these populations, with a Q score less than 90% for both pure lineages, were not assigned to either pure lineages. Two individuals from population 6 having the Western mtDNA, were assigned to pure Central lineage.
The result of the NewHybrids analysis were comparable to those of the STRUCTURE analysis (Table 2, Figure 2C ). In populations 1-12, 92 of 95 individuals (96.8%) were assigned to the pure Central class and the remaining to F2. In contrast, 115 of 119 individuals (96.6%) from populations 16 and 20-30 were designated as the pure Western class, and 4 were assigned to hybrid classes. Our NewHybrids analysis identified 38 of the total 269 individuals as hybrids with more than a 0.5 cumulative probability for hybrid classes. Six (populations 13-15, 17-19) of 7 populations (populations 13-19) around the boundary exhibited patterns of hybridization. Of 55 individuals from these populations, 31 were identified as hybrids with more than a 0.5 cumulative probability for hybrid classes. Most of the hybrid individuals were assigned to the F2 class. Five of 13 individuals from population 17 were assigned to hybrid classes even though only the Western mitochondrial haplotypes were detected from this population. All 17 individuals from population 16 were assigned to the pure Western class, regardless of their close geographic location to the boundary. No F1 and backcross Central individuals were detected in this study.
Geographic Cline Analysis
Both the mtDNA and microsatellite data showed a clinal pattern of variation across the hybrid zone, and the null model of no clinal variation had much higher AIC scores (AICc of null model for mtDNA= 289.487 and for microsatellite = 249.759) than those of other cline models in both the mtDNA and microsatellite data. The selected best model for mtDNA at AICc = 29.361 was the model in which pMin and pMax fixed to 0 and 1, respectively, with no parameters for tails (d and t), and that for Microsatellite data was the model in which pMin and pMax fixed to 0 and 1 with common parameter for both tails (dM = 1.6981 and tM = 0.0165). The geographic cline analysis based on mtDNA estimated that the center and width of the cline were 3.66 (CI: 1.78-5.62) km east from the base line and 13.18 (CI: 9.87-17.93) km, respectively ( Figure 3A) . The geographic cline analysis based on microsatellite data were estimated the center and width of the cline as 0.12 km (CI: -0.53-2.43) east from the base line and 2.72 (CI: 0.51-9.73) km, respectively ( Figure 3B ).
Estimation of Migration Rate Based on Microsatellite Markers
Based on the 3 criteria described above, 29 populations were classified into 3 genetic classes (pure Central: populations 1-5, 7-12; hybrid swarm: populations 13-15 and 17-19; and pure Western: Table S5 ).
Nuclear gene flows in the recent generation were estimated to be asymmetric (Figure 4, Supplementary Table S6 ). The migration rate from pure Central to the hybrid swarm was larger (0.1019 ± 0.0217) than the rate for the opposite direction (0.0037 ± 0.0037 from hybrid swarm to pure Central). The migration rate from pure Western to the hybrid swarm (0.0507 ± 0.0285) and that of the opposite direction (0.0201 ± 0.0107) were moderate. The migration rates of other combinations were close to zero.
Migration rates of any combination among 5 geographic and genetic groups were more or less asymmetric (Supplementary Figure  S2 and Supplementary Table S6 ). Higher asymmetric migration rates were observed from northern populations to southern populations in both parental lineages, from southern Central group to hybrid swarm, and from hybrid swarm to southern Western group. The migration rates from hybrid swarms to parental groups were generally lower than those within each parental lineage.
Discussion
Structure of the Hybrid Zone Between the 2 Lineages STRUCTURE analysis detected 42 hybrids and the NewHybrids analysis detected 38 hybrids. We could not find any F1 hybrids despite the detection of the F2 hybrids class in NewHybrids analysis. However, it is obvious that our empirical F2 class actually includes not only true F2 hybrids but also generations of their progeny (e.g., F3, F4, and F5) based on our simulation. We also could not find any localities where both pure parental individuals co-occur in the NewHybrids results. These findings indicate that the pure parental lineages currently rarely come in direct contact around the contact zone, and that they currently exchange their genes only via hybrid swarms. Meanwhile, Tominaga et al. (2013) estimated that the final range expansion of the Central and Western lineages occurred in the postglacial period, which started approximately10 000 years ago. If this is the case, the time of contact between the 2 lineages and the establishment of their hybrid zone can be traced back to 10 000 years ago rather than to the recent years. Thus, we consider that the majority of the empirical F2 hybrid class detected in the NewHybrids analysis actually represents posterior hybrid generations subsequent to F2 generation rather than true F2 generation. This phenomenon might be caused by the lower migration ability of urodeles (e.g., Donovan et al. 2000; Matsui et al. 2006; Wells 2007) . Because the longevity of C. pyrrhogaster is estimated to be 7-23 years (Marunouchi et al. 2000) , its home range and movement distance are thought to be within normal ranges for known urodelan species (0.1-90 m 2 and 0-120 m, respectively; Wells 2007), and because the width of the hybrid zone was estimated at 2.72 (CI: 0.51-9.73) km based on microsatellite markers, the pure parental individuals might be unable to move into the range of another pure lineage within one generation. The NewHybrids result revealed no co-occurrence of pure or backcross of Western and Central lineages in any populations with intermediate genetic composition and the dominance of the F2 class in populations 14 and 15. Thus, our results indicate that genotype proportions around the hybrid zone were not bimodal but unimodal in each population (Table 2) . A bimodal pattern of genotype distribution between the 2 divergent lineages around the contact zone is typically associated with pre-mating barriers (Jiggins and Mallet 2000; Redenbach and Taylor 2003; Bailey et al. 2004; Minder et al. 2007; Arntzen et al. 2014) resulted from assortative mating. We also could not find any obvious signs (deviation of HWE, LE, and significant F IS ) of assortative mating around the hybrid zone. Thus, each of the parental lineages might not be strongly isolated from hybrid swarms by premating barriers in nature. This is inconsistent with the result of the crossing experiments in which a strong premating isolation between the Central and Western lineages was observed in captive condition (Kawamura and Sawada 1959) . This inconsistency between the previous and presents results might be due to incomplete premating isolation between the 2 lineages. Incomplete premating isolation is thought to have substantial effects on the gene flow between 2 diverged lineages when the hybrids are fertile (Goodman et al. 1999; Chan and Levin 2005) .
Establishment and Maintenance of the Hybrid Zone
Although the 2 pure lineages currently do not coexist with each other, the pure parental individuals likely intercrossed with each other and produced a primary hybrid zone when the 2 lineages first encountered each other in the past. Although Kawamura and Sawada (1959) found the presence of strong premating isolation in captivity, this isolation seems to be incomplete (Akiyama et al. 2011 ). We expect that the 2 lineages would hybridize with each other under specific conditions on rare occasions.
Our BayesAss analysis indicated a higher migration rate from the Central lineage to hybrid swarm than in the opposite direction. The migration rates between the Western lineage and hybrid swarm were also moderate in both directions (Figure 4 , Supplementary Figure S2 , Supplementary Table S6 ). This pattern suggests that the hybrid zone between the 2 lineages has been maintained by immigration from both pure parental lineages to the hybrid zone and can be explained by the tension zone model (Barton and Hewitt 1985) . This model predicts that hybrid zones are usually maintained by a balance between gene flow from parental lineages and selection against hybrids (Barton and Hewitt 1985; Arnold et al. 1999; Jiggins and Mallet 2000) . The finding that the migration rates from hybrid swarms to the parental demes were generally lower than those within each parental lineage (Supplementary Figure S2 , Supplementary  Table S6) indicates hybrid weakness and supports the idea that the hybrid zone detected in this study is a case of the tension zone model. The BayesAss analysis among 5 geographic genetic groups showed asymmetric gene flow from north to south in both parental lineages. We cannot explain well such asymmetric gene flow patterns within both parental lineages, but it might be due to the direction of river system in our sampling area in which the water usually is flowing southwards.
In contrast, 3 other maintenance mechanism models (the bounded hybrid superiority model [Moore 1977] , mosaic hybrid zone model Harrison and Rand 1989] , and evolutionary novelty model [Arnold 1997] ) predict that the fitness of the hybrids will surpass those of pure lineages under specific environment condition (Curry 2015) . Because we detected higher migration rates from parental lineages to hybrid swarms rather than in the opposite direction and because no obvious signs of positively selected genotypes in the hybrid swarms was detected, these 3 other models seem to be inadequate for explaining the maintenance mechanisms of the hybrid zone detected in this study.
Asymmetric Introgression and Shift of the Hybrid Zone Between 2 Lineages
We detected several areas where both Western and Central mtDNAs co-occur around the contact zone. The vast majority of admixed populations are limited to less than 7 km on both side of the center of the contact zone (Table 1) , although a few Western haplotypes were detected from the main range of the Central lineage (populations 6 and 7) far from the center of the contact zone (17.8-19.2 km). However, no individuals with the Central haplotype were detected from the main range of the Western lineage. Furthermore, the cline shapes of mtDNA and microsatellite markers differed from each other. The width of cline of the mtDNA was wider than that of the microsatellite markers. These results suggest eastward biased mtDNA introgression from the Western lineage to the Central lineage.
The migration rate between 3 genetic classes based on microsatellite markers estimated by BayesAss analysis indicates that the degree of migration is more prominent in the direction of the pure Central to hybrid swarms rather than in the opposite direction. Meanwhile, the migration rate between the pure Western and hybrid swarms was moderate in both directions. These results indicate that the eastern side of the hybrid zone has been changed to the range of the pure Central lineage by many pure Central individuals invading the area, whereas the eastern side of the range of the pure Western lineage gradually has been changed to the area of the hybrid zone by hybridization between the pure Western individuals and hybrids. This situation would have caused westward movement of the hybrid zone.
Mechanisms of Asymmetric Introgression Across the Hybrid Zone
Asymmetric introgression of the mtDNA relative to the nuclear background is a common phenomenon in the secondary hybrid zone (Currat et al. 2008; Toews and Brelsford 2012) . This pattern is thought to result from neutral demographic processes and/or natural selection (Toews and Brelsford 2012) .
Our migration rate estimation based on microsatellite markers indicates that the Central lineage is undergoing invasion into the range of the Western lineage. In this situation, the neutral alleles of the resident Western lineage are thought to move into the invading Central lineage by the neutral dynamics of gene flow (Currat et al. 2008; Mastrantonio et al. 2016) . Organelle genes of the native lineage are especially subject to moving into invading lineages across lineages/species barriers (Currat et al. 2008) . Our data indicate that the native Western mtDNA introgressed into Central populations which is distributed in the area far from the boundary. We suggest that the neutral process of gene flow at the invading wave front is the most appropriate scenarios for our data.
Evolutionary Implications of Asymmetric Introgression
If there are disadvantages of hybridization between lineages/species, the premating isolation mechanisms will be established by natural selection and/or sexual selection. Strong premating female choice bias toward conspecific males (assortative mating) is a common phenomenon in contact zones, which are often characterized by marked character displacement of courtship traits as a consequence of reinforcement driven by natural selection and sexual selection (Höbel and Gerhardt 2003; Pfennig 2003; Hoskin et al. 2005; Johanet et al. 2009 ).
Our results suggest that the Western lineage is subject to hybridization with hybrid swarms. The consequence of hybridization and hybrid weakness will eventually result in loss of the Western genome. Such a situation will raise the possibility of the reinforcement of premating isolation of the Western lineage as a terminal step in the speciation process, although the phenomenon has never been detected by now.
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